Cluster of differentiation molecule (CD)3 and CD28 receptors play crucial roles in T-lymphocyte proliferation. Fe deficiency in man and animals impairs T-lymphocyte proliferation by unknown mechanisms. To test the hypothesis that reduced CD3 and CD28 expression is one of them, thymocytes and splenocytes from control (C; n 24), Fe-deficient (ID; n 24), pair-fed (PF; n 24), and ID mice that were Fe-repleted for 3 (R3; n 24) or 14 d (R14; n 12) were labelled with anti-CD3-fluorescein isothiocyanate and anti-CD28 -phycoerythrin antibodies. Positive cells were analysed by flow cytometry. Significant differences were observed among groups in the mean levels of haemoglobin and liver Fe stores (C¼PF¼ R14. R3. ID; P, 0·005). While Fe deficiency slightly increased the percentage of CD3+ splenocytes, it reduced that of CD28+ thymocytes in mice with thymus atrophy and splenomegaly (P, 0·05). These changes were corrected by Fe repletion. CD28 mean fluorescence intensity (FI) was lower and CD3 FI was higher in lymphocytes from R3 and ID, especially those with splenomegaly, than in those from R14 and PF mice (P,0·05). In vitro Fe chelation by deferoxamine (60 min) significantly decreased CD28 expression (P, 0·05), and slightly increased that of CD3 (P.0·05). Spleen cell proliferative responses to concanavalin A and anti-CD3^anti-CD28 were reduced by Fe deficiency (ID# R3, C¼ PF, R14; P , 0·05); and they correlated with FI and percentages of CD3+ and CD28+ cells (r# 0·69; P, 0·05). Indicators of Fe status negatively correlated with CD3 FI (r2 0·23), but positively correlated with CD28 FI (r# 0·44; P, 0·05). Data suggest that altered CD28 expression may contribute to reduced T-cell proliferation during Fe deficiency.
The interaction of an antigen with the T-cell receptor (TCR)-cluster of differentiation (CD)3 complex is necessary, but not sufficient for initiating and sustaining an optimal immune response that leads to clonal expansion, secretion of interleukin-2, and expression of interleukin-2 receptor (Thompson et al. 1989; June et al. 1990 June et al. , 1994 Harding et al. 1992) . In the absence of a co-stimulatory signal, interaction of an antigen with the TCR -CD3 complex may induce anergy and apoptosis (Harding et al. 1992) . CD28 is one of the many molecules expressed on T cells that have been shown to provide the co-stimulatory signal in human subjects and mice (Thompson et al. 1989; June et al. 1990 June et al. , 1994 Harding et al. 1992; Hathcock et al. 1994) . In mice, the CD28 molecule is expressed on all CD4+ and CD8+ T cells from blood, lymph nodes, and 90 to 95 % of thymocytes . In man, all CD4+ and about 50 % of CD8+ T cells from peripheral blood express the CD28 receptor. Fe deficiency, a public health problem in children and women of childbearing age, impairs several immune responses including lymphocyte proliferation in human subjects and laboratory animals (Chandra & Saraya, 1975; Kemahli et al. 1988; Galan et al. 1992; Looker et al. 1997; Kuvibidila et al. 1998) . It also induces thymus atrophy in laboratory animals and perhaps children (Kuvibidila et al. 1983 (Kuvibidila et al. , 2001 Dhur et al. 1991) . Although the primary mechanism of impaired lymphocyte proliferation and thymus atrophy associated with Fe deficiency involves reduced activity of ribonucleotide reductase, the Fe-dependent enzyme required for the biosynthesis of deoxyribonucleotides, other mechanisms related and unrelated to T-cell activation cannot be excluded (Polson et al. 1990; Furukawa et al. 1992; Haq et al. 1995; Hileti et al. 1995; Kuvibidila et al. 1998 Kuvibidila et al. , 1999 Kuvibidila et al. , 2001 . Santos & De Sousa (1994) reported that the incubation of peripheral blood mononuclear cells obtained from healthy adult volunteers with 100 mM-Fe for 60 min decreased CD4 levels (expressed as mean intensity of fluorescein isothiocyanate, FITC) by nearly 50 %. The same concentrations of Fe had no effect on the fluorescence intensity of CD2, CD3, or CD8 markers. Neither Zn, a trace element known to affect lymphocyte proliferation and several immune responses, nor Co or Ni had any effect on the expression of T-cell markers. However, the concentrations of Fe used in their experiments were higher than those usually found in serum of healthy (non-Fe-loaded) individuals (Looker et al. 1997) . The expression of CD28 marker was not investigated by this group.
The influence of Fe deficiency, a problem more common than Fe overload, on the expression of CD28 and CD3 T-cell markers has not been previously investigated in either human subjects or laboratory animals. Considering that Fe regulates the biosynthesis and/or functions of many proteins and enzymes involved in T-cell function other than ribonucleotide reductase, it is hypothesized that it may also affect the expression of CD3 and CD28 receptors. The aim of the present study was to test the hypothesis that Fe deficiency alters (reduces) the expression of CD3 and CD28 receptors on murine thymocytes and spleen cells and that the reduction contributes to the impaired lymphocyte proliferative responses to mitogens and antigens (Chandra & Saraya, 1975; Kuvibidila et al. 1983 Kuvibidila et al. , 1998 Kuvibidila et al. , 1999 Kemahli et al. 1988; Latunde-Dada & Young, 1992; Kuvibidila & Porretta, 2002) . Specifically, the aims were to determine whether Fe deficiency reduces: (a) the percentage of CD3+ and/or CD28+ thymocytes and spleen cells; (b) the relative levels expressed as fluorescence intensity of these markers.
Methods

Source of reagents
Reagents were received from the following sources: Sigma (St Louis, MO, USA) supplied the haemoglobin standard, deferoxamine, Drabkin's reagents, and Fe assay kits; GIBCO (Grand Island, NY, USA) provided Roswell Park Memorial Institute (RPMI)-1640 with 25 mmol HEPES/l, and penicillin and streptomycin; Harlan Teklad (Madison, WI, USA) supplied the Fe-deficient (ID) test diet and the deficient diet supplemented with Fe; PharMingen (Costa Mesa, CA, USA) provided monoclonal antibody raised against cluster of differentiation molecule 3 (anti-CD3) conjugated with FITC (anti-CD3 -FITC), and monoclonal antibody raised against CD28 molecule (anti-CD28) conjugated with phycoerythrin (PE) (anti-CD28 -PE) antibodies.
Experimental design and induction of iron deficiency in mice C57BL/6 female mice (n 108), aged 21-23 d, were purchased from Charles River breeding laboratories (Wilmington, MA, USA). Upon receipt, they were put on an adjustment period for 7 d, during which they received the control diet that contained 50 mg (0·895 mmol) Fe/kg diet in the form of ferrous sulfate and sterile deionized water. Following the adjustment period, mice were randomly assigned to the following dietary treatment groups: control (C; n 24), ID (n 60), pair-fed (PF; n 24). Fe deficiency was induced by feeding mice a diet that contained only 5 mg (0·0895 mmol) Fe/kg. The C and PF groups received the same diet except that it was supplemented with 50 mg Fe/kg (0·895 mmol/kg). Except for Fe, the concentrations of protein, fat, carbohydrates, vitamins and minerals of both diets were identical and have been previously reported (Kuvibidila et al. 1998) . While C and ID mice had free access to their diets 24 h/d, PF mice received the control diet in amounts equal to the mean that ID mice had consumed during the preceding 24 h. Mice were housed in sterile microisolator system cages (product 109EI; Laboratory Products, Maywood, NJ, USA) and received sterile deionized water. The lightdark cycle was set for 12 h, and the room temperature at 228C. The study was approved by the Institutional Committee for Animal Care and Use of Louisiana State University Health Sciences Center. The feeding period lasted 8 weeks.
Evaluation of iron status at the end of the feeding period
At 3 and 14 d before the experiment, thirty-six ID mice with a packed cell volume less than 25 % were given the control diet (Fe repletion protocol (R3, n 24; R14, n 12)). This repletion period was chosen based on our previous experiments that showed that 3 d were not sufficient to correct indices of Fe status while 14 d were; but both repletion periods showed significant improvement in T-lymphocyte proliferative responses to mitogens (Kuvibidila et al. 1998) . At the time of killing, mice were anaesthetized by diethyl ether inhalation for 30-60 s. After blood was drawn from the retro-orbital plexus, they were killed by cervical dislocation. Haemoglobin and packed cell volume were measured by the cyanmethaemoglobin method and centrifugation, respectively (Rodak, 1992) . The Fe concentrations of the liver and the diets were assayed as have been previously reported (Kuvibidila et al. 1998) .
Preparation of single cell suspensions
Thymuses and spleens were removed under sterile conditions and immediately placed in a pre-weighed sterile culture tube that contained 1 ml wash medium (RPMI-1640 supplemented with 25 mmol L-glutamine/l 10 g bovine serum albumin/l, 50 mg streptomycin/l and 5 £ 10 4 units penicillin/l). After the tubes were weighed, single-cell suspensions were prepared by grinding the thymus or spleen on a nylon mesh attached to a sterile 50 ml beaker secured with a rubber band. The piston of a 3 ml syringe was used to push single cells through the nylon mesh. The nylon mesh was washed with 10 ml serum-free RPMI-1640 and cells were collected into the beaker, and then they were transferred to a 15 ml conical centrifuge tube. Tubes were centrifuged at 400 g, 48C for 10 min. The supernatant fraction was decanted and the pellets were resuspended in ice-cold sterile deionized water (1 ml) to lyse erythrocytes. Tubes were further centrifuged twice under the same conditions. The pellets were then resuspended in wash medium (2 ml). Total and viable cells were counted using a haemocytometer under a light microscope after cells were diluted in a solution of trypan blue (4 g/l).
Estimation of the percentage of CD3+ and CD28+ cells
Thymocytes and spleen cells (2 £ 10 6 ) were transferred to a 12 £ 75 mm plastic culture tube, followed by 500 ng anti-CD3 -FITC and 400 ng anti-CD28-PE, in a total volume of 250 ml serum-free PBS. Unlabelled anti-CD3 and anti-CD28 antibodies were added to negative controls (or blanks). The final antibody concentrations were 2·0 and 1·6 mg/l for anti-CD3 -FITC and anti-CD28 -PE, respectively. Tubes were incubated at 378C for 30 min, protected from light. Cell labelling was performed at 378C instead of 48C because, in a preliminary experiment, it was observed that thymocytes incubated at 378C showed brighter labelling (mean PE fluorescence intensity 111 (SE 12); mean FITC 38 (SE 2)) than those incubated on ice (mean PE 69 (SE 10); mean FITC 33 (SE 1); n 5 thymuses). (The percentages of positive cells did not change with temperature (mean 99 (SE 1) v. 99 (SE 0·31) % CD28+ at 4 and 378C, respectively.)
At the end of the incubation period, wash medium (1 ml) was added to each tube before centrifugation at 400 g, 48C for 10 min. After a second centrifugation under identical conditions, each pellet was resuspended in 300 ml 4 % (v/v) formaldehyde solution. Tubes were incubated at room temperature (228C) on a shaker (Maxi-Mix III type 6580; Dubuque, IO, USA) set at 200 rpm for 30 min. Fixed cells were analysed within 24 h on a FACSCALIBUR flow cytometer (Becton Dickinson, Immunocytometry Systems, San Jose, CA, USA) using CELLQUEST Software. An electronic gate based on forward or side scatter was constructed around lymphocyte population. Approximately 5000 events were collected. Four subsets of lymphocytes were identified based on fluorescence intensity on the X axis (anti-CD3 -FITC) and Y axis (anti-CD28 -PE): CD32 CD282 , CD3+CD28+, CD3+CD282 , CD32 CD28+. Fluorescence intensity of negative controls was used to define the cut-off points of CD32 CD282 lymphocytes.
Lymphocyte proliferation
Since thymocytes do not respond to mitogens as well as spleen cells, their mitogenic responses were not studied. Lymphocyte proliferative responses to mitogens were assessed as has been previously reported (Kuvibidila et al. 1998) . Briefly, 1 £ 10 6 viable splenic lymphocytes were incubated without or with concanavalin (Con) A (1·25 mg/ml), anti-CD3 antibody (50 ng/ml), a mixture of Con A and 50 ng anti-CD28 antibody/ml, or a mixture of anti-CD3 and anti-CD28 antibodies (50 ng/ml each) at 378C, 5 % CO 2 , in a humidified National Appliance Company incubator. The culture medium contained the following elements of RPMI-1640 (per litre): 50 ml fetal calf serum; 50 mg streptomycin; 5 £ 10 4 units penicillin; 2 mmol L-glutamine; 1 mmol sodium pyruvate; 0·1 mmol non-essential amino acids; 50 mmol b-mercaptoethanol. Cells were pulsed with 37 Bq during the last 24 h of a 72 h incubation period. Cells were harvested onto filter strips and the radioactivity incorporated into DNA was estimated by counting in a liquid scintillation counter (LKB 1219; Wallac, Inc., Turku, Finland).
Statistics
Descriptive statistics (mean values and standard errors of the mean), ANOVA and correlation coefficients were calculated by the use of Microstatistical program (Ecosoft Inc., Indianapolis, IN, USA) as described in the literature (Munro, 1993) . When ANOVA detected significant differences among study groups, either Scheffé's test or Student's t test was used to determine which pairs of means were different. The level of significance was set at P, 0·05.
Results
Indicators of iron status, the weights of body, thymus and spleen
The mean packed cell volume and concentrations of haemoglobin and liver Fe stores of ID mice were significantly lower than those of C and PF mice (Table 1 ; P, 0·05). Fe repletion for 3 d improved but did not fully correct the decreased indicators. Although Fe repletion for 14 d corrected the anaemia, liver Fe stores were still below normal when compared with C and PF groups (Table 1 ; P, 0·05). Mean body weights of ID, R3, and R14 mice were lower than those of C and PF mice (P, 0·05). While both the absolute and relative thymus wet weights were significantly reduced by Fe deficiency, those of spleen were significantly increased (P, 0·001). Fe repletion for 14 d, but not 3 d corrected the weights of both lymphoid organs. Thymus atrophy (relative thymus weight:body weight (mg/g) , 2·49, the lowest value of C mice) was observed in seventeen of the twenty-four of the ID mice, nineteen of the twenty-four of the R3 mice, and none of the twelve R14 mice. ID mice with thymus atrophy tended to have lower mean haemoglobin concentration (31 (SE 2·67) g/l) than those with normal thymus weight (40·35 (SE 5·22) g/l; P, 0·05). Both subgroups did not differ in liver Fe stores (data not shown). Splenomegaly (relative spleen weight:body weight (mg/g) . 7·71, the upper limit observed in C mice) was observed in sixteen of the twenty-four ID, all of the twenty-four R3, and one of the twelve R14 mice; and it did not significantly affect the mean indicators of Fe status. The absolute and relative thymocyte numbers were lowest in the ID and highest in R14 mice, and intermediate in C, PF, and R3 mice (Table 2 ; P, 0·05). As was previously reported (Kuvibidila et al. 1983) , despite splenomegaly, the absolute and relative spleen cell numbers were lower in ID and highest in C and PF mice (P, 0·05).
Percentages of CD3+ and CD28+ T thymocytes
Four subsets of cells were identified: CD3+CD28+, CD3+CD282 , CD32 CD28+, and CD32 CD282 . Background CD3 -FITC and CD28 -PE fluorescence intensity of CD32 and CD282 cells varied from 1·8 to 7·5. CD3+ and CD28+ cells were defined based on the highest fluorescence intensity of negative cells.
No significant differences were found among groups in the mean percentages of double positive and double negative thymocytes, CD32 /CD28+ (data not shown), or overall percentage of CD3+ thymocytes (Table 3 ). In contrast, Fe deficiency resulted in a small, but significant increase in the percentage of CD3+CD282 , but a decrease in the overall percentage of CD28+ thymocytes in respect of C and PF groups (P, 0·05). Thymus atrophy in ID, but not R3 mice, was associated with a significant decrease in the percentage of CD28+, but an increase in that of CD3+ thymocytes (P, 0·05). Splenomegaly was also associated with a small, though significant, decrease in the percentage of CD28+ thymocytes (P, 0·05); but it did not significantly affect that of CD3+ cells. Fe repletion for 3 and 14 d increased the overall percentage of CD28+ thymocytes to normal levels.
Percentages of CD3+ and CD28+ spleen cells ID mice had mean percentages of double positive, double negative, CD3+CD282 , or CD32 CD28+ spleen cells that were not significantly different from those of other study groups (data not shown). While splenomegaly had no effect on the percentage of CD3+ and CD28+ spleen cells, thymus atrophy was associated with higher percentages of CD3+ (Table 3 , P, 0·05 compared with PF, R3, and ID mice with normal thymus weight).
Absolute and relative numbers of CD3+ and CD28+ cells
When compared with normal Fe status, Fe deficiency, but not underfeeding in PF mice, was associated with a significant decrease (65 -70 %) in the absolute (per thymus) and relative (per mg thymus) numbers of CD3+ and CD28+ thymocytes (P, 0·05; Table 4 ). The decrease is not surprising considering the presence of thymus atrophy in seventeen out of the twenty-four ID mice. Fe repletion for 14 d, but not 3 d, corrected the reduced thymocyte numbers. Both the absolute and relative CD3+ and CD28+ spleen cells were lower in ID than in either C or PF groups (P, 0·05), and they improved, though were not fully corrected with Fe repletion. Lower numbers of CD3+ and CD28+ cells in spleen from ID mice were due to a reduced number of nucleated cells (Table 2) . Lower absolute numbers of CD3+ and CD28+ spleen cells in the R14 group than in the R3 group were due to splenomegaly in the latter group. When spleen weight was taken into consideration, mice in the R14 group had higher CD3+ and CD28+ cells per mg spleen than those from the R3 group (P, 0·05). Mean values within a row with unlike superscript letters were significantly different (P, 0·05; a. b. c). * For details of diets and procedures, see p. 180.
† Control mice killed at the same time as the twelve R14 mice had the following mean cell numbers: 32·67 (SE 1·04) £ 10 6 /spleen; 0·475 (SE 0·0295) £ 10 6 /mg spleen. The mean values for ID mice were: 24·25 (SE 3·695) £ 10 6 /spleen and 0·20 (SE 0·043) £ 10 6 /mg spleen.
CD3 and CD28 fluorescence intensity on CD3+ and CD28+ thymocytes
The mean fluorescence intensity of CD3+ and CD28+ thymocytes as well as spleen cells was based on CD3+CD28+, CD3+CD282 and CD32 CD28+, but not all gated cells. There was a small, but significant, difference among groups in mean thymocyte CD28 -PE fluorescence intensity (P, 0·05; Fig. 1 (A) ). Specifically, CD28 fluorescence intensity of CD3+CD28+ (but not CD32 CD28+) thymocytes was higher in R14 mice than in either R3 or ID mice (P, 0·05). Although the mean CD28 -PE fluorescence intensity of thymocytes from C, and PF also tended to be higher than that of thymocytes from the overall group of ID mice, the differences were significant only at P=0·058 for PF and P=0·1 for C. In contrast to what would be expected, thymus atrophy was not associated with reduced CD28 relative levels ( Fig. 1 (B) ). Instead, ID mice with normal thymus weight had lower mean CD28 -PE intensity than those with thymic atrophy or PF mice ( Fig. 1 (B) ; P, 0·05). ID mice with splenomegaly had lower CD28 -PE intensity than either those without splenomegaly (P. 0·05), R14 (P, 0·05), or PF mice (P=0·065; Fig. 2 (C) ). In contrast to CD28, CD3 -FITC fluorescence intensity of CD3+CD28+ thymocytes tended to be higher in ID (P. 0·05) and R3 (P, 0·05) mice than in those from R14 mice ( Fig. 1 (D) ). The same trend was observed when ID and R3 were compared with C and PF, but the difference was significant only with R3 (P, 0·05). Although CD3 -FITC intensity of CD3+CD282 thymocytes was not different between C, ID, and R3 mice, it was significantly lower in those from R14 mice (P, 0·05). Thymus atrophy and splenomegaly were associated with a nonsignificant increase (17 and 25 % respectively) in mean CD3 -FITC intensity (no data shown).
CD3 and CD28 fluorescence intensity in CD3+ and CD28+ spleen cells
Mean CD28 -PE fluorescence intensity tended to be higher in spleen cells from R14 mice than in those from the other four study groups (Fig. 2 (A) ; P, 0·05 compared with ID and R3 mice). However, no significant difference was observed between the overall ID group and either C, PF or R3 groups. Splenomegaly, especially in ID mice with normal thymus weight, was associated with a significant decrease in CD28 -PE fluorescence intensity when compared with cells obtained from PF and R14 mice (Fig. 2  (B) , P=0·022 for CD3+CD28+ and P=0·057 for CD32 CD28+ PF cells, P, 0·001 for double positive and single positive R14 cells). In contrast to splenomegaly, thymus atrophy was not associated with reduced CD28 -PE fluorescence intensity. Instead, as with thymocytes, spleen cells obtained from ID with normal thymus weight showed significantly lower CD28 -PE fluorescence intensity than in those from ID with thymus atrophy, C, PF, and R14 mice (Fig. 2 (C) ; P, 0·05, compared with Fig. 2 (A) ).
When the overall group of ID mice was used in statistical analysis, no significant differences were found between C, ID, PF and R3 groups in CD3 -FITC intensity of double positive and single positive spleen cells (Fig. 3 (A) ). However, mean CD3 -FITC intensity was higher in CD3+CD282 but lower in CD3+CD28+ cells from R14 mice than in those from mice from the other study groups (P, 0·05). Both splenomegaly and thymus atrophy tended to be associated with higher CD3 -FITC when compared with ID mice without these abnormalities; but the trend was significant only for thymus atrophy (P, 0·05; Fig. 3 (B) and (C) ). Spleen cells obtained from ID mice with normal thymus weight had significantly lower mean CD3 -FITC intensity than those from PF (P=0·08), C and R14 mice (P, 0·05; CD3+CD282 cells only, compared with Fig. 3 (A) ).
Effects of iron chelation on the expression of CD3 and CD28 molecules
To further elucidate the possible influence of Fe on the expression of both CD3 and CD28 markers, thymocytes obtained from normal (Fe-sufficient) mice were incubated without and with deferoxamine for either 60 or 120 min as described by Kuvibidila et al. (1999) . This pilot study was conducted because it is nearly impossible to completely deplete Fe from spleen cells or thymus in vivo. At both incubation periods, Fe chelation resulted in a significant decrease in CD28 -PE fluorescence intensity in CD3+CD28+ and CD32 CD28+ thymocytes in a dosedependent fashion (P, 0·05; Fig. 4 (A) for 60 min (data not shown for 120 min)). As for the in vivo Fe deficiency, Fe chelation tended to increase the fluorescence intensity of CD3+ thymocytes (P=0·1; Fig. 4 (B) for 60 min (data not shown for 120 min)). Fe chelation by deferoxamine for 60 and 120 min did not significantly change the percentages of any of the four subsets of thymocytes (data not shown).
Lymphocyte proliferative responses to mitogens
Significant differences were observed among groups in splenic lymphocyte proliferative responses to Con A and anti-CD3 (Fig. 5 (A) ; P, 0·05). While stimulation indices were not significantly different between C, PF and R14 groups, the three groups showed higher indices than both ID and R3 groups (P, 0·05). In contrast to our previous observation (Kuvibidila et al. 1999) , there were no differences in mean indices of ID and R3, in part because of the limited concentration of fetal calf serum (5 % instead of 10 %) that was used in the current study. The addition of anti-CD28 antibody to Con A-and anti-CD3-activated cultures increased lymphocyte proliferative responses in all groups, but the differences between ID and the other study groups persisted (P, 0·05). In parallel with lower CD28 -PE intensity, spleen cells from ID mice with splenomegaly showed significantly lower proliferative responses to these mitogens than those obtained from ID with normal spleen weight (Fig. 5 (B) ; P, 0·05). Conversely, spleen cells obtained from ID mice without splenomegaly had proliferative responses that were not significantly different from those of C (and PF) mice. Also in agreement with higher CD28 -PE intensity, ID mice with thymus atrophy had higher proliferative responses to mitogens than those without thymus atrophy (Fig. 5 (B) ; P, 0·05). For each mitogen, mean values with unlike letters were significantly different (a.b; a1.b1; P,0·05). CPM, counts per minute; Con, concanavalin.
Correlation coefficients
In the thymus, indices of Fe status negatively and significantly correlated with the percentages of CD3+ cells as well as CD3 -FITC intensity (r 2 0·21 to 2 0·267, P, 0·05; data not shown). Conversely, indicators of Fe status positively and significantly correlated with the percentages and fluorescence intensity of CD28+ thymocytes (r # 0·281; P, 0·05). In the spleen, indices of Fe status positively and in most cases significantly correlated with the percentage of CD28+ cells and CD28 -PE intensity (Table 5 ; P, 0·05). As expected from data of Table 3 and Fig. 3 , indices of Fe status negatively correlated with the percentage of CD3+ spleen cells as well as CD3 -FITC intensity (P, 0·05). Lymphocyte proliferative responses to mitogens positively, and often significantly, correlated with the percentages of CD3+ and CD28+ spleen cells, as well as CD28 -PE fluorescence intensity (P, 0·05). However, CD3 -FITC intensity positively and significantly correlated with lymphocyte proliferative responses to mitogens only when anti-CD28 antibody was added to the culture medium.
Discussion
In vertebrates, the thymus is the main lymphoid organ where T-cell maturation takes place. The maturation processes involves gene rearrangement, acquisition and loss of the expression of various T-cell markers (TCR, CD2, CD3, CD4, CD8, CD28) (Turka et al. 1991) . These various markers have been shown to regulate the nature and degree of T-cell activation and function. CD3 and CD28 markers are of particular interest because the former is crucial for T-cell activation, and the latter determines the capacity of activated T cells to proliferate, secrete cytokines and exert effector functions (Thompson et al. 1989; Turka et al. 1990; Shahinian et al. 1993) .
In the present study, it was observed that in vivo Fe deficiency slightly, but significantly, decreased the expression of CD28 marker (per cell) and the percentage of CD28+ thymocytes especially in mice with splenomegaly and/or thymus atrophy. In contrast to our hypothesis, in vivo Fe deficiency did not decrease either the percentage or relative levels of CD3+ thymocytes. In fact, Fe deficiency tended to increase the percentage of CD3+CD282 thymocytes and CD3 relative levels of CD3+CD28+ thymocytes. Our results on a trend of decreased CD28 expression but increased CD3 expression were confirmed in an in vitro model of Fe deficiency. The changes in CD3 and CD28 expression were probably not due to underfeeding because they were not observed in PF mice. The temperature (378C) at which thymocytes were labelled with antibodies also is probably not responsible for the differences between deficient and control mice because the effect of Fe deprivation (chelation) on CD28 expression persisted when cells were incubated at 48C (preliminary study). The percentages of CD28+ thymocytes that were observed in C and PF mice are similar to those previously reported for normal mice (Havran et al. 1987; Gross et al. 1992) . The mean percentage of CD3+ thymocytes of C (PF and R14) mice (25 %) was only slightly higher than the 18 % that has been previously reported by other investigators (Havran et al. 1987) .
The effect of Fe deficiency on CD28 expression was not limited to the thymus, but it was also observed in the spleen. When compared with mice that were Fe repleted for 14 d, spleen cells obtained from ID mice, especially those with splenomegaly, showed significantly lower CD28 -PE fluorescence intensity (Fig. 2 (B) ). Interestingly, spleen cells as well as thymocytes obtained from ID mice with normal thymus weight showed lower CD28 -PE fluorescence intensity than those with thymus atrophy. Although the reason for such an effect is obscure, it can be speculated that during the development of Fe deficiency, there is a selective loss (perhaps arrest in maturation process, increased apoptosis, or reduced proliferation) of a subset of pre-T cells that would normally express high levels of CD28 receptor. Perhaps when Fe deficiency is not very severe, thymocytes with low levels of CD28 prematurely exit the thymus and home in the spleen. However, when Fe deficiency is more severe and chronic, only thymocytes, which express higher levels of CD28, survive, proliferate and exit the thymus to home in peripheral organs including the spleen. Another possible explanation could be a confounding effect of undernutrition. Thymus atrophy is very common in malnourished laboratory animals as well as in human subjects. In support of this is the trend of higher mean CD28 -PE but lower CD3 -FITC fluorescence intensity in cells from PF than in those from C mice (Figs. 2 -4) . Moreover, in two mice, one ID and the other a C, that were severely malnourished (due to long teeth and inability to eat enough feed (body weight about 11 g, thymus weight about 10 mg)), the mean CD28 -PE fluorescence was 25 for the ID mouse and 131 for the C mouse. Mean CD3 -FITC was 117 and 120 in the ID and the C mouse, respectively. However, 89·3 and 97 % of thymocytes expressed CD3 receptor in the ID and C mouse, respectively, compared with roughly 25 % for normal mice (Table 2 ). In contrast, only 25·47 and 49·97 % of thymocytes from the C mouse and the ID mouse, respectively, expressed CD28 marker (instead of more than 90 %; see Table 2 ). Although a strong conclusion cannot be drawn based on two malnourished mice, this observation suggests that Fe deficiency combined with severe general malnutrition has a greater impact (reduction) on CD28 expression than either alone. The opposing effect of Fe deficiency on the expression of CD28 and CD3 leads us to speculate that perhaps during Fe deficiency the body develops a compensatory mechanism in an attempt to protect the capacity of T cells to be activated, undergo clonal expansion, and exert effector functions. Moreover, as suggested by positive correlation coefficients shown in Table 5 , the degree of reduction of CD28 levels determines the severity of impairment of lymphocyte proliferation and probable associated functions. Based on data summarized in Figs. 1 (C) and 3 (B), in addition to an effect of Fe status, CD28 expression is also influenced by splenomegaly. In rodents, when Fe is limiting, the spleen is also used as a site of haematopoiesis, which implies that mice with splenomegaly are diverting Fe toward erythrocyte production in the spleen, removing it from lymphocytes and other cells. This diversion is associated with reduced CD28 expression as well as lymphocyte proliferative responses to mitogens. Lower proliferative responses in ID mice with splenomegaly have been previously observed (Kuvibidila & Sarpong, 1990) .
Positive and significant correlations were observed between lymphocyte proliferative responses to mitogens and the percentages of CD3+ and CD28+ spleen cells and CD28 -PE fluorescence intensity. In contrast, the percentage of CD3 2 CD28+ spleen cells negatively correlated with spleen cell proliferative responses to mitogens. This observation is not surprising because in order for T lymphocytes to be activated and undergo proliferation, the TCR -CD3 complex is required for delivery of the so-called signal 1 to cells (June et al. 1994) . Delivery of signal 1 to T lymphocytes leads to the hydrolysis of specific cell membrane phospholipids (phosphatidyl 4,5-bisphospahte), changes in free cytoplasmic Ca and protein kinase C activation; and these events are required for lymphocyte proliferation (Abbas et al. 1997) .
Another interesting note is that the addition of anti-CD28 to Con A-and anti-CD3-treated cultures increased lymphocyte proliferation in all groups. In fact, when total counts per min, instead of stimulation indexes, were used in statistical analysis of Con A-treated cultures, the differences between ID and either C or PF mice became small and non-significant at P=0·05 (no data shown). Anti-CD28 antibody is known to modulate (increase) the hydrolysis of phosphatidyl-inositol 4,5-bisphosphate in activated lymphocytes and to improve lymphocyte proliferative responses to mitogens (June et al. 1994) . It has been previously reported that the hydrolysis of cell membrane phosphatidyl inositol 4,5 bisphosphate was reduced in spleen cells from ID mice, and this reduction may in part be related to low CD28 expression (Kuvibidila et al. 1998) . Recently it has also been observed that Fe chelation increased the expression of CD80 and CD86 co-stimulatory markers on antigen-presenting cells; and these markers are the 'ligands' for the CD28 receptor (Kuvibidila & Porretta, 2002) . The percentage of spleen cells expressing CD80 receptor also increased in ID mice. It has also been observed that there was a negative correlation between the percentage of CD80+ spleen cells and lymphocyte proliferative responses to Con A and anti-CD3. By adding anti-CD28 to the culture medium, the interaction of CD28 and CD80 is reduced. It is therefore not surprising that anti-CD28 would significantly improve lymphocyte proliferative responses of ID spleen cells to Con A because the inhibitory effect of high percentages of CD80+ cells is abrogated. The present results therefore suggest that one mechanism by which Fe affects lymphocyte proliferation is by modulating the expression of the co-stimulatory molecules on both T cells and antigen-presenting cells.
In summary, our data suggest that Fe deficiency appears to down regulate the expression of CD28 but up regulate that of CD3 and this is the first time that such an observation has been reported. Our data also suggest that splenomegaly, but not thymus atrophy, tends to be associated with reduced expression of CD28 receptor in thymocytes and spleen cells, and in parallel reduces spleen cell proliferative responses to mitogens. Experiments are planned to determine whether the effects of ID are exerted at the level of gene transcription, stabilization of mRNA, translation of mRNA, or degradation of these receptors.
